Operating the HCCI engine with dual fuels with a large difference in auto-ignition characteristics (octane number) is one way to control the HCCI operation. The effect of octane number on combustion, emissions and engine performance in a 6 cylinder SCANIA truck engine, fuelled with n-heptane and isooctane, and running in HCCI mode, are investigated numerically and compared with measurements taken from Olsson et al. [SAE 2000[SAE -01-2867. To correctly simulate the HCCI engine operation, we implement a probability density function (PDF) based stochastic reactor model (including detailed chemical kinetics and accounting for inhomogeneities in composition and temperature) coupled with GT-POWER, a 1-D fluid dynamics based engine cycle simulator. Such a coupling proves to be ideal for the understanding of the combustion phenomenon as well as the gas dynamics processes intrinsic to the engine cycle. The convective heat transfer in the engine cylinder is modeled as a stochastic jump process and accounts for the fluctuations and fluid-wall interaction effects. Curl's coalescence-dispersion model is used to describe turbulent mixing. A good agreement is observed between the predicted values and measurements for in-cylinder pressure, auto-ignition timing and CO, HC as well as NOx emissions for the base case. The advanced PDF-based engine cycle simulator clearly outperforms the widely used homogeneous model based full cycle engine simulator. The trends in combustion characteristics such as ignition crank angle degree and combustion duration with respect to varying octane numbers are predicted well as compared to measurements. The integrated model provides reliable predictions for in-cylinder temperature, CO, HC as well as NOx emissions over a wide range of octane numbers studied.
INTRODUCTION
Amidst the changing vehicle design, fuel production and infrastructure, internal combustion engine (ICE) would continue to maintain its cardinal role as the cheapest system through 2030 [1] . Homogeneous charge compression ignition (HCCI) also termed as controlled auto-ignition (CAI) is a combustion technology for IC engines and a potential future-engine-strategy for automobile companies. HCCI engine provides high thermal efficiencies and low NOx and particulate matter (PM) emissions. Similar to Spark Ignition (SI) engines, the charge is premixed thus reducing the PM emissions, and as in compression ignition direct injection (CIDI) engines, the charge is compression-ignited, reducing the throttling losses and leading to high efficiency. However, unlike SI or CIDI engines, the combustion occurs simultaneously at multiple sites throughout the volume with shorter combustion duration and is controlled primarily by chemical kinetics. HCCI engines can be scaled to virtually any size-class of transportation engines as well as used for stationary applications such as power generation and pipeline pumping [2, 3, 4] . Despite the advantages offered by HCCI engines, controlling HCCI combustion is a major hurdle for its commercialization. Techniques such as using dual fuels with a large difference in auto-ignition characteristics (octane number) [5] , heating intake charge, external EGR and trapping residual burnt fraction are various options to overcome this challenge.
Combustion research communities and industry are contributing extensively into experimental and modelling efforts to facilitate the commercialization of these engines. In particular, the modeling studies have evolved from a simplistic single zone model to detailed full cycle models. HCCI models can be classified as closed volume and engine cycle models. The closed volume models consider a variable volume cylinder and employ single zone [6, 7] , multi-zone [8, 9, 10] , multi-dimensional CFD [11] or probability density function (PDF)-based [12, 13, 14] models to simulate the compression, combustion and expansion strokes in one engine cycle. Whereas, the engine cycle models have been implemented using single zone [15] [16] [17] [18] , multi-zone [19, 20] or CFD [21] models in conjunction with an engine cycle simulator. These models perform multiple cycle simulations in which the convergence is achieved through a series of iterations to a steady state ignition. Furthermore, a full cycle simulation can also model gas exchange as well as the internal residue trapped in the engine cylinder.
The classical single zone model can predict the autoignition correctly by including detail chemical kinetics, as the combustion is primarily reaction-controlled. However the in-cylinder peak pressure is over-predicted and the emissions are not accurate as the model fails to account for the colder thermal boundary layer and crevices. Multi-zone models can model the effect of thermal boundary layer (also termed quench layer) and with detail chemical kinetics, predict the heat release and peak pressure better than single zone models, but at the expense of more computational cost. Multi-zone models generally fail to provide reliable predictions for CO and HC emissions. In addition the multi-zone models cannot account for the fluctuations in the zones and the chemical source terms are calculated by using the mean gas temperature and composition in the zones. In case of 3-D CFD engine models with detailed kinetic mechanisms, the computational time can easily run into days.
The much more sophisticated closed volume PDF-based stochastic reactor model (SRM) includes detailed kinetics and has been demonstrated to reliably predict combustion and emissions [12, 13] . However, this approach involved splitting the engine cylinder into a rigid bulk zone (80% by mass) and a boundary layer zone (20%). Thus the model failed to account for the varying in-cylinder mass in the boundary layer [9] . In addition, with a deterministic convective heat loss model, the local inhomogeneity attributed to the thermal boundary layer was lost during mixing. To overcome these limitations, an improved PDF-based closed volume SRM has been introduced in ref. [14] . Its robustness was demonstrated in evaluating the effect of external EGR on HCCI combustion and emissions in comparison with measurements. In this paper, we present an integrated, improved PDF-based SRM in conjunction with a 1-D finite difference-based engine cycle simulator. The coupled model includes detailed kinetics and is applied to investigate the use of dual fuels as a control option for HCCI combustion. For this, we study the effect of octane number on HCCI combustion and CO, HC as well as NOx emissions. We also introduce an approach based on stochastic jump process and Woschni heat transfer coefficient, for modelling the convective heat loss in the engine cylinder. This accounts for the fluid-wall interactions and effect of fluctuations as described later. The paper is organized as follows: The engine data and the numerical model implemented are described in detail in the next section. This is followed by the discussion related to comparison of model predictions with experimental results and finally, an octane number (ON) variation analysis is presented.
MODEL DESCRIPTION
In this section, the engine geometry and the operating parameters are specified, and the numerical models implemented are described in detail.
ENGINE DETAILS
The engine used for the analysis is a 12 liter, in-line 6 cylinder direct injection turbocharged SCANIA diesel engine converted to HCCI combustion operation as mentioned in ref. [5] . In Table I the main engine parameters are described. The engine has 4 valves per cylinder and the two intake ports are characterized by different geometries. The first one entering straight into the cylinder in order to have low fluid-dynamic losses and the second designed with a helicoidal shape to enhance the swirl coefficient. The original injection system has been replaced by a low pressure sequential system for port injection of gasoline. For each intake port one injector has been installed; thus different fuel mixtures could be tested and individually adjusted for each cylinder. Isooctane and n-Heptane are the two fuels used, and combined they closely represent primary reference fuel (PRF). Engine inlet temperature was fixed by means of an electrical heater placed between the compressor and the inlet manifold. 
PDF BASED ENGINE CYCLE MODEL
The engine cycle is built using GT-POWER, an engine simulation code licensed by Gamma Technologies Inc., Westmont, IL. The code analyzes the dynamics of pressure waves, mass flows and energy losses in ducts, plenum and intake and exhaust manifolds of the engine. It also provides a fully integrated treatment of timedependent fluid dynamics and thermodynamics by means of a one-dimensional (1-D) finite difference formulation, incorporating a general thermodynamic treatment of working fluids (air, air-hydrocarbon mixtures, and products of combustion). A comprehensive description of the full-cycle code is given in refs. [16, 22, 23] . Figure 1 shows the engine cycle representation in GTPower. The 1-D code and the SRM interact at every time step, making it possible to address the mutual influence of the engine fluid-dynamics phenomena and the combustion processes. Thus, it is possible to determine the combustion parameters, such as ignition crank angle degree (CAD), duration, exhaust gas temperature and emissions, as a function of the global engine parameters (i.e. load, boost pressure, inlet temperature, fuel, octane number, EGR, turbocharger). Figure 1 ) combustion is evaluated by means of the SRM code for the purpose of computational efficiency. The same approach can be extended for modelling all the cylinders, however, for the remaining five cylinders, experimental cumulative burned mass fraction profiles calculated from the measured incylinder pressure and the overall injected fuel mass, are provided from an external file.
H tb H
A detailed chemistry evaluation consumes most of the computational time of a complete engine cycle. In order to limit the coupled cycles with detailed kinetic calculation, the flow inside the engine is first initialized using the 1-D code alone until the pressure, temperature and mass flow rates are stabilized. Then the coupled cycles are started. At the first coupled cycle, no information about the composition of exhaust gas is available; therefore an external file is read specifying the gas composition. For the subsequent coupled cycles, the exhaust composition as evaluated by the SRM code is used to specify the internal EGR composition.
SRM
The PDF-based SRM considers scalars such as temperature, mass fraction, density etc., as random variables with certain probability distribution. It is derived from the PDF transport equations for scalars using a statistical homogeneity assumption. SRMs have been rigorously explained in refs. [24] [25] [26] .
The SRM considers quantities, such as total mass , volume , mean density
as global and are assumed not to vary spatially in the combustion chamber. Calculation of global quantities has been discussed in detail before [12, 13] . The local quantities such as chemical species mass fractions and temperature T are treated as random variables and vary within the cylinder.
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where, S is the number of chemical species. For variable density flows, the SRMs are generally represented in terms of mass density function (MDF), than PDF. The corresponding joint scalar MDF is represented by
where the initial conditions are
The term on the R.H.S of Eq. (2) gives the effect of mixing on the MDF and is explained in detail later. The source term describes the change of the MDF due to chemical reactions and change in volume given by: 
To introduce the fluctuations, the third term on L.H.S. of Eq. (2) is replaced by the finite difference scheme:-
where, h is the fluctuation. For the present work h is a model parameter. The detailed algorithm for incorporating the convective heat transfer step, based on Eq. (1), Eq. (3) and Eq. (6) is explained in the next sub-section.
An equi-weighted Monte Carlo particle method with a second order time splitting algorithm [12, 13, 14] is employed to solve Eq. (1) numerically. Monte Carlo methods have been successfully applied to solve the PDF based transport equations [25, 27] . The method involves the approximation of the initial density function by an ensemble of stochastic particles. The particles are then moved according to the evolution of the density function. Thus, depending on the mass of internal EGR, at IVC and the composition of the fresh air-fuel mixture, the SRM calculates the initial mass fractions of the chemical species. All the stochastic particles in the ensemble are allocated the same composition and the temperature at IVC. The time splitting algorithm is depicted in Figure 3 . Variable corresponds to time at IVC. is the deterministic global time step which is used for operator splitting. With time marching, convective heat loss, mixing and chemical reaction events are performed on the particle ensemble. The stopping time for this loop is at EVO.
The ODEs for species reaction rates and temperature are solved deterministically using backward differentiation formula (BDF) method of order 5. Another salient feature of SRM is that it can include detailed chemical kinetics, vital to model kinetics-controlled HCCI combustion. In this paper, a detailed kinetic mechanism containing 157 species and 1552 reactions has been used to simulate the ignition process. The H 2 -O 2 -CO-CO 2 chemistry was taken from Yetter et al. [28] . The formaldehyde chemistry, known to be sensitive in the ignition of higher hydrocarbon fuels, has been described in a previous publication [29] . The methyl and methane chemistry is under publication. These parts of the chemistry are important, since they are responsible for a large portion of the heat release. The C 2 -C 5 chemistry mostly originates from Warnatz [30] and Baulch et al. [31, 32] . The C 6 -C 8 chemistry was developed according to a method developed by Curran et al. [33] .
The sub-models for convective heat loss and mixing are discussed next.
Heat loss by convection
Woschni's convective heat transfer coefficient has been implemented [34] . The convective heat loss is dependent on temperature of a stochastic particle
temperature of the cylinder wall and the convective heat transfer coefficient h . The deterministic approach adopted in the previous works [12, 13, 22 ] to model convective heat loss, in which all the particles in an ensemble were moved according to Woschni's heat transfer coefficient and wall area, fails to account for fluctuations. In this paper, the convective heat loss is modelled as a stochastic jump-process [25] . While the total heat transfer is the same as in case of deterministic approach (conserving the first moments), variances have been introduced in terms of stochastic fluctuations. Throughout the paper, C is set at 20 and the wall temperature is fixed at 450 K. This temperature change of particles is equivalent to a physical situation in engine cylinder where the fluid particles in the bulk can travel to the wall and crevices during piston movement and get heated or cooled due to the interaction with the wall.
Curl mixing model A coalescence-dispersion (also termed as particle-pair interaction model) proposed by Curl, is implemented to mimic the physics of turbulent mixing [35] . The mixing algorithm is given in the Appendix. The, mixing takes place in randomly selected particle pairs. The Curl model is relatively simple to use and performs better for multiple reacting scalars as compared to the deterministic interaction by exchange with mean (IEM) model implemented previously [11, 13] .
RESULTS AND DISCUSSION
The SRM based engine cycle model as explained in previous sections is implemented to model the SCANIA engine with parameters given in Table I .
MODEL VALIDTION
The model was validated by comparing the predictions with the experimental results for a given set of conditions. Table II gives the operating conditions of the base case.
For validation, the in-cylinder pressure profiles and the HC, CO and NOx emissions predicted by the model are compared with that obtained from experiments. For the measurements considered in this paper, no external EGR has been used. However, the full-cycle model enables the evaluation of residual burned fraction (also termed as internal EGR). For the parameters and conditions given in Table I and Table II , the internal EGR estimated by the model, was found to be approximately 5-6% only. Thus during a coupled cycle, at IVC, GTPower passes the amount of internal EGR to the SRM and based on this amount, the SRM code calculates the mass fractions of the species of the fresh mixture. Figure 5 : CO emissions as a function of CAD for the coupled cycles.
Initially, the convergence with respect to the number of coupled GT-Power-SRM cycles and the number of stochastic particles, is investigated in order to fix the number of cycles and number of particles for the validation and further ON variation studies. For this, the first 14 engine cycles were run using the GT-Power model only and then 3 coupled cycles (15 N th , 16 th and 17th) using GT-Power and SRM were employed. Figures 4-7 show the auto-ignition timing as well as CO, HC and NOx emissions obtained from the three coupled cycles. From Figures 4-7 , two coupled cycles were considered to be sufficient to obtain a balance between steady state and computational efficiency. Hence 14 uncoupled cycles followed by two coupled ones have been implemented throughout this paper. For the convergence study with respect to the number of stochastic particles, N, Figure 8 shows the respective pressure profiles for N = 50, 100 and 200. The error in the pressure and emissions predictions while increasing the number from N = 100 to 200 was negligible, however the CPU time was almost double. Thus, for the present paper, 100 particles have been used with 16 cycles (14 uncoupled and 2 coupled), resulting in a computational time of about 7 h on a 1GHz Pentium III. To investigate the effect of convective heat loss on the PDF of the temperature, the validated model is used with the operating parameters same as given previously in Table II . Figure 12 depicts two views of the in-cylinder temperature distribution with respect to number of particles and crank angle degrees (CAD). To show the effect of convective heat transfer on the temperature of particles, the mixing event is turned off and at the end of each global time step, the particles are sorted such that the lowest temperature is assigned to the first particle and the highest to the hundredth. It can be observed that the particles in the range, approximately 40-100 burn instantaneously, thus having a very slight difference in peak temperatures, whereas the particles in the range 10-40 have a delayed ignition as compared to the earlier range and result in peak temperatures around 500 K less than the particles in 40-100 range. A rapid decline in temperature of particles in the range 1-10 is observed. Even at EVO, inhomogeneities exist; the temperature difference between coolest and hottest stochastic particles is approximately 300 K.
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AUTO-IGNITION CHARACTERISTICS
Using the validated model case, HCCI ignition characteristics are illustrated in this sub-section. From ignition point of view, HCCI lies in the intermediate temperature ignition regime [36] . HCCI, liquid-fuelled diesel engine, knock in SI and rapid compression machine share a common ignition feature -the The evolution of the compositions of OH, HO 2 and H 2 O 2 radicals is shown in Figure 13 . The chain branching steps in the intermediate as well as high temperature regimes has been well documented elsewhere [36] . The OH and formaldehyde (HCHO) have been observed to be closely related to the early cool flame and the main heat release stages. The peak OH level position coincides with the peak temperature as shown in Figure  14 . As depicted in Figure 15 , the HCHO concentration increases rapidly as the temperature reaches 1000 K and reduces rapidly with further increase in temperature. The peak of HCHO level corresponds with start of main combustion in agreement with the ref. [18] . 
EFFECT OF OCTANE NUMBER VARIATION
Octane number (ON) is a practical measure of a fuel's resistance to knocking and by definition it denotes the volume percentage of isooctane in an isooctane and nHeptane mixture. Isooctane and n-Heptane are widely different in their auto-ignition characteristics and this fact is used to control the HCCI combustion and emissions.
In this section the model predictions are compared with the measurements for varying octane numbers. The number of particles, N, cycles and the parameter are kept the same as in the previous section. The operating conditions for this study are given in Table III. h C With the engine speed fixed at 1500 rpm and air-fuel ratio at 3.72, the octane number is varied from 61 to 86. Ignition CAD is the crank angle degree at which 10% of air-fuel mixture burns. Figure 16 depicts the behaviour of ignition-CAD with respect to octane number. As the octane number increases, the resistance to autoignition increases thus delaying the ignition CAD. Over the range of octane numbers, the predicted ignition CAD lies within the bands of the experimental results, thus showing a good agreement. The combustion duration, i.e the angle between 10% and 90% burned fraction is shown in Figure 17 .
With increase in octane number, the expected rise in CO and HC emissions due to incomplete oxidation is predicted correctly by the model. The experimental and model predictions for CO and HC emissions are plotted in Figures 18-19 . The trends as well as magnitudes are predicted well as compared to the experimental results. The NOx emissions show a reverse trend with increase in octane number as shown in Figure 20 . The NOx emissions predictions with varying octane number show a good agreement with the measurements. Figure 21 shows the effect of octane number variation on the incylinder temperature. As discussed before, increase in spontaneity to ignition, (decrease in octane number) results in advanced auto-ignition and thereby a higher peak temperature. After the rigorous validation, the model was also applied to study the effect of change in octane number on combustion and emissions. With an increase in octane number, the resistance to auto-ignition increases thus reducing the peak temperature. Increasing CO and HC emissions (incomplete oxidation) and the decrease in NOx emissions with increasing octane number was correctly predicted and showed a good agreement with the measurements. The trends observed in the measured combustion characteristics such as ignition crank angle degree and combustion duration over a wide range of octane numbers is reliably predicted by the integrated model.
CONCLUSION
To exploit the predictive nature of the integrated model, it will be applied to different HCCI configurations in order to develop operating window for HCCI and evaluate the effect of other control options (e.g. residual burnt fraction trapping). From the computational expense point of view, various alternative schemes (homogeneous coupled cycles followed by PDF-based coupled cycles, and adaptive particle ensemble size with respect to cycles) will be investigated to reduce the computational time. + → 
